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IGRMESCATE PRIDUCED AS A RESULT OF LHENUE CLTRASQUIC UAVIS#

by
Virginia Griffing and Danielc Sette:
Department of Cho:dstry, Catholic Uriversity of Americe

Abstxract

nzsl\mmescemq produced by intense ultrasonic waves has boen
invostigated in a mumber of wuter scluticns and arganic J4wlds in
tho frequency range .66 -« 2 lib/s. Together with direct cisua: tests,
quantitative moasurements hav been perfarucd far which a photamtaic
method has been developed. The resulls shew that luminescence, uben
it does ocouwr, 18 aluays presaat with cavitation and starts at the
same anexyy lovel as cavitation, Varlous water sclutions show
lurdnesoence in the same relativs amounts as the yleld of the cheuical
reaction caused by intense sound waves. Fron this it is concluded
that, at lsast in these casass, the rhenamanan is chemiluminescence.
Arong the arganic liquid tested only m,trobenzém has shoun a very
weak luminescence in the frequemy rango and under the physical
canditions examined. It is not possible at presont to conclude
uhethor this weak luminesconce 18 duo to some chomical reaction
occurring in it ar to a diffarent process. An apparent froquency
dependence far the intensity of lumivescence was cbsexrved; however,
it vas shown that the threshold of cavitatiorn was the frequency
dependent phenamanon,
#This woark was supparted bty the U.S. Office of Naval Rescarch.
##fran the Instituto & UWltracustica, Rome, Italy. At present at
the Cathalic University of America,
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Pigures 1-5 do not appsaar in this report but
will appear in the final paper to be published.
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l., Introdustiam

jiany experimenter: have reperted tie observation of luminescence
produced hy high inteasity sound waves in liquids at different
frequoncies and hyprthoses have becn made conoerning the arigin of
this phoncmenon. 411 authars agrec that luminescence can anly be
Fresent when caviation also occurs. L. A. anberal teated a con-
siderable mmbey of iiquids in tho lov frequancy range 1-i Ke/sec.
Ho found that fae intensity of the light produced by sound \nervwased
with tho prodct of the dipole mament and the viscosity coefii~tent
of ths liqu'i. The higher light intensiuincs vere cbserved ir g4 s<rine
and mitrob-nzene: the laxr aws in the mondhydrin alcohals;. later.

however, &8 a much larger luminescerce than wwuld te cupected fram

its diprie momant and its viscasity,

I a higher frequency ramge, a fow hundred ko/sec., E. N. Harvay’

has s-udled mmerous salutioms of different substances in water and
inte prets his results as excluding the possilkility of chemiluminescence
as i explanation of tho observed phenamema. In particular the fact
t3it luminescencs 1s present in water satrrated with nitrogen led him
‘0 the canclusion that the presence of axygen is not necessary for
luminescence in water, Mereover, thegroat varioty of coditions
under which the lwminescence oocours in reducing ar axidising solutions
is for him an evidence of nanchemical arigin of luminescence. Harvey
suggests that we ars dealing with electraluminsscence. IHowever, nare

1. L. A. Chambers, J, Chom, Phys. S, 230(1937)
2, E. U. Harvey, J. Am. Chem. Soc., 61, 2392(1939)
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recant experiments havo shown that there are cherdcea) effects in all.
cases in vhich Harvey obsarved luminssocence.

Je WBpropooedﬂaidsathatthemgnoflmnmoeme
nay be due to a kind of ballcelectricity. As a consequence of high
intensity aocund waves, the liquid is tan gqpart producing caviides in
which electric charges are formed on opposite parts «f the suxrface,
Daring ¢he collapss of a bubble an electric discharpe takes place
with produotion of light and farmation of astive axygen uhich may be
respongibls for the chemical offects observed., This theory is based
on ths hypothesis that cavitation is produced by effective tearing
of the 1liquid and not by & gradual grouing of the btubbles from mucled.
It 18 difficult to acoept this hypothesis bBecause cavitatian and
Womwmwuthmmum&theaamdmsfc
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. balow the onas that. would be ¥equired to overcoms the inter-malecular
forces,

Reoently E, A. Neppiras and B, E. IMthlJ‘hmatudied
solutions of carbon tetrachlaride in water in the frequency range

| 500 Ec/wec - 2 !B/s and propoge as alternative explanation of
luxinescence the possibility that the temperaturs inside the bubbles
incroeases  during their callapee so mach as to produce incandescence
oftheg@simida.

3. J. Prenkel, Acta Physiocch. 12, 317(19L0)
i, E. A. Noppiras, B. E, Naldingl, Mullard Res. Lab, Repart 135(1951)
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In mrovious investications tho liypothesis wus mdes and teatod6’7

that savitation bubbles act 4 as hot spots which are respoamsible fo
chomical reactions, as alsc sugpested hy leppiras and Noltingk.

It was found that such reacticns oocur cnly within the bubblo
and depond om the gas in the ubble. Aqueous salutions of carbm

totrachlaride give fres chlaine if the gas is A a CO, not if it is
g, In ethor, acotone, methylilochol, bensens and nitrobenzens
saturcted with air, no chemical offects are faund,

From this briaef survey it appears that the origin of the
scnclumingscence 1s not yet clearly understood and that it is vec-
essary to gather more expe-imontal data. "Jheexperlmt.a.lsmdyot
those phonomena 1s mado d'fficult becauss the cbeserved light inton~
aity ia very low. Thus, up to now the obeervations have boan of a
qualitative nature,

Par thnse reasons u3 have made samo experiments to clarify the
natare of tho phenamsna and have dovoloped an experimental set-wp
for quantitative measuraments on luminescence to further axplain

previocus da.t.ae cbtainel from direct visual obeervatiouns.,

5. V. Uriffing, J. Chem. Fhys

997(1950)
6. ii. E. Fitsgerald, n:ezmaa"fna o6 in Chemical Reactions
podacod b Ttrisoalons T D Tl Gl i T g e,

Anerica Press (12951).
7. V. Griffirg, J. Chem. Puys. 20, 939(1952)
8. V. ariffing-D. Sette-Puys. Rev, 87,234(1952)
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2. JAppgratus ond methods of msasurenent

For diroct visual cbearvations a simple experimental arengemrsat
was used. 4 quarta crystal acunied in a halder described below has

bean used for gensreting sound waves thich are transmitied through e
layer of wsater to the liquid contained in the test tube, MT® open
end af ‘he tube was closed by a thin sheot of nylon which parmitted
993 of the scund encrgy to enter the liquid. The obsarvations were
made in A dark room after the ayes became acccmodated to the los
ircensity Ught.

In tho arrangement described the layer of water betwean quarts
and test tube becamss luminescent, This is not a great incoovenience
if the liquid in the tubs is strongly lumimnscent, becanse the eyes
distinguish the differsnt luminous places, btut is troublesams if the

. ssoand liquid is scarcely luminescent or not luminescent at all, In
theoe cases we have used av intermediate liquid ether or a mixture
of watar and ether uhere no luminescence was found.

The experimental set-up used far quantitative measuremsnts of
lurdnescence is shoum in the block diagram of figure 3. The liquid
is ocontained 4in a small chamber in which ons wall was a quarts
crystal foar penerating sound waves and the opposiie wall wis & glass
wvindow. The photoeensitie tube was locuted an the back of the
vindow, Thistube wns a RCA 932 A and it 18 a part aof a photo-
mltiplier morophotameter (Am. Instr. Co. Type N 10-210) in uhich
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an amplificr and a hridge circult are desipgned to allow measurements
of vory weak luminous flux (of the carder of micramicrolimen),

An impartant paint in the constructions of such apparatus is to
avoid any discharge betwoen tho quartz electrodes amxl tc limit as mach
as possible carana effeots on the eloctrodes particularly inasrswch as
the valtages applied to the quartz ranged wp to 3500 volts. For
888 ro~sms the quartz is put betwsen two aircular electrodes of
diameter amaller than the quartz disc and anly the oeutral parts of
its faces are gold-plated. The electrodes mareover have bsen ashaped
to decrease the valtage gradient. Notwdthstanding these precantions
a carona offect wes still detectabls (especially at 1 mo/sec) with
the miorcphot.amoter at its maximm sensitivity,

In arder to cantxal the temperaturse, a refrigeraticn coll was
put around the 1iquid chember and tap water was used as the sirou-
lating 1liqrid. This system wzs found satisfactary for our purpose,

! bocause we intendsd to imvestigate anly at room temperaturs and it

! was necessary to changs the liquid specimen very frequently far other
reasms. Cavitation prodnoes a rapid degassing of the small quantity

| of liquid in the chamber and a consequent chang; in its behavicr.

{ lloreover uhon carbon tetrachloride was presert in agqueous sclutions,

| the chemical reactions produce a change in the optical proverties of

| the liquid, with the appoarance of a vhite cloudiness. The temperature
;I of the liquid when introduced in the chamber and when it was taken

|
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swdy wao checkod and usually a temperature imorease fran2l to 26° C.

Two threaded holes havo beon placed in tho chaubor throuch which
tho liquid is passed. Tuo smsll pipos can bo scretod in the halas
wvhich nal®s it possibleo to £111 ani ety the codll. The chanber is
afterxards soaled vith &ro screws. ihen water sclutions saturated
with ganos difforent fron air had to bo tested tho foliading pro-
cedure van used for introducing them in tho ultrasonic cells (1) the
chanbor 18 £illed with distillod watar; (2) the water is pushed aut
of the chanber by the same gas under pressurs vhich is dissolved in
tho liquid to be next used; (3) the charber is filled with the water
solutian from a flask where the liquid is put under a pressuxe highsr
than atnoephoric.

A oylindrical shape of the liquid chamber h&s been chosen
having the glass windor parallol to the quarts. This was dane to
cbeerve the light fram the best position and increase the sound
energy denmsity in the liquid by reflections. This has the dis-
advantage that the presence of standing waves makes it difficult to
specify the energy lovel inside the chauber. Bscause it has been
cbeerved that the real distribution of the sound pressurcs undor thess

ocanditims is stragly dependent an the geametrical shape of the vessel,

wo have profarred te adont a procodure developed in other cavitation

threshald exparimants zt this unimsiwg.

9. F. E. Fax and !/, Connally - Experimental Studies af tho Cavita-
tion Threshold in Liquids. To be published.
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The mothod invalves tuo agsumptions: (a) that the sound in-
tonsity lovel at vhich cavitation becins is independent of the
gecmetry of the sound fiold, (b) that tho energy in a piven sound
ﬁoldiam‘oportimaltovz,mmeVinthevoltaccamﬂiedtom
sound gource at a given, constunt frequency. Thus one deteriines Ky
mthemumJ'Klebyainnmmmmammntaotﬂnvolugea
and tho sound intensity in a progressive, noarly planc wave systonm
using a radiation pressure detectar and fresh tap wvater. In the same
mtenmdetm'mmeJm,ﬂwmmnsitylevelfortbomsotof
cavitation, Using the closed vessel uith the standing wave system
ons next dotermines the voltage at which cavitation begins. Since
e ag=xes that cavitation sots in at tho same lcocal intansity as in
theln'cgresaivouave,thiayisldathevahnafliztobouaodfwthie
particular e:perimsntal arrangemsnt as lorg as the frequsncy yemains
constant and the ratio of K) to K; 15 assumed to depend only an the
goamtyy of the systcn,

af course, after the onset of cavitation the presence of many
sourd scattering bubbles disturbe the scund field in both of the
above systems, but one assumes that the quadratic dependence upan
voltage halds for the avorage intensity bgyond the cavitation thres-
hald. The cavitation thresholds obteined” wore 0.62 w/ew at
660 kej 0,90 w/om® at 1 mo and 1.65 wen? at 2 me. The conditicns

*hese valuss were obtained >lying intermittant voltages to the
quarte, (sco (9)} R °
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for tix: observation of tiio cavitution in the chanber wure not vory
favorable. This obeorvation s made by discomecting the phototube
attachnont and using the glasswindou both for transmitting a light
bYean and looking at the bubble famticn. liareover it vas ofton
difficult to start cavitation in the chamber, so that it was some-
timer prefaxable to detormine the end instead of the onset of cavita-
tion. Accardingly tho study of lwdnssoence was usually dons Yy
applying the maxiram voltage to the quarts and recording the light
meter deflections as the voltage contimously apilied to the quarts
ws grodually decreased In these conditions of course cavitation
ceasoed far energy levels slightly lower than uhen the valtage at the
quarts at the onset of cavitatim,

(n the sams samplc anly two or three runs were made, and the
results given tolow are an average of tests on many samples. As we
have nentionad befare the main reesane sy making 80 few runs on tha
same saxple are the decassing of the liguid previwed hy cavitation
and the fact that uhen cartxa tetrachlaride is present the liquid
repddly becomes cloudy duo to chemical reacticns talking place in it.
In arder to carrect far these changes, the reading of the light meter
given in the secand and third runs have bean mltiplied by the retio
of the maximm readings in the first and second runs, Table 1 ahows
how ths avurags doflections for a sample have beon Calculated. The

avorcge for different samples were used to obtain the values of light
glven below.




TABLE I.

Calculation of average of 1lluminations at the phototube
fa* a specimen of water, carbon tetrachlaride, argon salution,

" VoTtags ok

atv g

t'zzzarnr‘)m?t: lst Run 2nd Bun 2nd Run Carrected Average

1 33.5 10-8 2.4 10“8 33.5 10-r 33.5 m-T
1.3 27.5 19.8 27.1 | 27.3

1.6 18.9 13.4 18.4 18.6

1.3 9.5 7.0 9.6 9.55

2,2 55 3.6 S.C 5.25

2.h 1.5 0.9 1.2 1.35

SN—— P e mae e S
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At high ultrasomic intensity we have found that the light
intensity msasurements reproduce quite well. At lover ultrasande
intensitiss, however, large variations were found among successive
runs, At this intensity, the luminescence changes very rapidly
uith ths sound intonsity. Thereforo small change in gas content
of the liquid, mclei present, and cther conditions vhich influonce
cavitation, havo hore a larger effect.

It was not poesible to eliminate carona effect eutirely,
@spocially at 1 lk/soc vhere large elsctric fields ware used. This
is of no importance wvhen the moasury:»mi are made in strongly lum-

et b Bl

inescont liquids, lile ths aquewus sclutions examined, because the
doflootions an the 1light moter due to carona arc less than 5% of
thooe obtained for the lwinescence. In other cases, however, when
the luminescence is veak or it is not present at all, the occurrence
of this oarona ofloot make the obeervations more complicated. The
mothod used in these cases was to make two successive runs at t'e
sae volta o, alugys with the chamber filieod with the liquid. During
the first one the voltage applied at the quarts had a frequancy
L4-500 Eo/sec different from the crystal resomance frequersyy. ince
the off-resoncnoe vilration is not large enough to caura cavitation
the deflection at tho light meter in this case is dur to tho caroma.
The scoond run was mads with the quacts vibrating cod the cavitation

godng an,
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the syrten describod by Fitezersld®, Doihledist.ﬂladuaterm
boilod in a flask for half an hour; after coaling, carbm totra-
chlrride and a desired gas are admitted in the flask to saturate
tiv. water,

The average illumination produced an the phototubs seasitive
surface, has been taken to choracterise the lumiresoence produced
in the liquids by sound waves. The light moter deflectione there-
fore, have been oconverted to illuwminations emssedinhm/cma,
(phots.) using anotber less sensitive photometer Zar calibratiom.
3. Results

A cortain mmber of intxroductcry obsarvations were made with

ths light meter to establish the relation betwwen luminesoence and
cavitation in the liquids where luminescence occurs; it has been
found that in these cases the two phencmena are always togethar:
every time civitation wms present it was also possihle to dbsexrve
lwminescence axd vice versa.

A study of luminescenco in soms aquecus solutions has been
mado at ) Mo/scc. Figure 6 shous the results obtained in tap water
and in distillad vater solutions of carban tetrachloride saturated
with arpon and with carbon momaxide. In figure 6 thexre is also a
point shoring the results of a series of measuremsnts ir tep water
saturated with carban tetrachloride. In this case the liquid becams
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oloudly very quickly and the readings were not reproducible excopt
\ far the first deflection of the light meter at thc timo the ocuvitatian
started. It is evident that the addition of Wip increases the
lurinescence together vith the chemcal effocts. Two other salutions
uhare carbon tetrachlaride is present with argon or carbon moncxide
wvere chosen in arder to compare the luminsacence vith the chemical
effocts. The lattcer were found to be largor uvhen argon is in
sclution than then CO is present®. This is truo also of the lumin-
escenco,

Qualitative obscrvations wore made in other aqueocus solutions
by means of visual observations, checking at the sane tiro the
presence c¢f chemical offects. The chemical offects wore meusured
Yy the quantitative determination of the production of hydrogen
percxide ar free chlarine Yy titration with potassiun iodide and
soliun thiosulohate and by the woosure:ent of e pll of the solution
befare and after the sound irradiation.

Tt was in this way posaible to see that luminescence and
cherical effects are both present :Ln distilled wuter saturated,
uith carbon tetrachloride and one of the follouing gasec: axygen,
nitrogen, sulphur, hexaflv -ide. lhen instead, hydrogen is added
to distilled twater and carbon tetrachloride, luminescence and
chamical effoots disappear even though the liquid is cavitating.

It vas nocessary in this case to carefully remove all traces of
aggen fraa the yater and the hydregen gas. Far this rcason the




12—

norual method of preparing the salutions usod befare uas nodified,
Bailed triple-distilled uater was frozen in a closod system vhich
was Wan evacuated. This process was repeated tuvo ti:es bafare
aduitiing hydrogen to the flask over a tube filled with hot copver
uire,

Sce observations vore mado also o the folloving arganic
liquids saturatod uith air: ether, acetone, methylalechdl,
benzone and nitrobenzens. The direct visual test were neg. ive
for all of them including nitrobenzens although cuvitation was
fresent., memeasmmntuiththephomcmadiffemnt
rogult in tho case of nitrobensgene. Far this measurements it
was necescery to use the photometer at its maximm sensitivity
8o that it is impartant to tal®s into account the deflections due
to tho coruna dlscussed above. Figuro 7 gives the light at the
photamoter as function of the voltage amliod to the transducer
tment}mcuvitaticuismeentinbwwneamltmenthemu
driven axt of roascnance., Thr ludnationg on tho phototube far
the same vcltage are equal fn t.o iwr cusss and evidantly no lumin-
escence is present, The sine remilt is valid feor ether, acetane,
axd methylalcchal, Fﬁe\maahamﬂwmsultaotthaphm
Rexsureronts for nitrobangene, where a dofinite differemce is
Present betwsen the two curves; thus a very weak luminescence is
present. Q:ecanjmlgethemwmityotthelwmm
cass, by comparison with that in tap water; the deflections for tap

4
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water at tdbe sams voltage are over 100 times large,

The luminesoenos in tap water was also studied at the frequencies
of 660 Z:/sec anc 2 ¥o/mac in arder to make a camparison of the
phenomtna at different frequenciss, The figure § gives the results
for these twofrequsncies together with the caes givenatove at 1 Mo/sec.
\ source of possihle errar in the relative positions of the three

T R e

cu*ves is in the determination of the voltage far which cavitation
star's in the liquid chaxber which effects the intensity scale. The
difficvlties for this determination have been mentioned befcre. e

't .
E
?‘.
.
B
i

estimste that ihe accuracy of the voltege determination at the cavi-
tation tinvehold in the chamber is around 10X which msans that the
accurecy wit: which the intevsitiss, as defined before are known as
15-20%, Anothar comparison of the results at different frequencies
has been made. in figwe 10 the illumination at the phototubs is
plottedagmumofﬂnr:tioJ/JOMJuﬂnulw
intensity and J, is the cavitation threshcld 2o the respective
frequenciss given in figqure §. Within the acowracy of the sound
intensity msasuremente tisse all lis on the sams cuwrve indicating

2

that the a parent frequenc’ dependence of the luminescence is
actually due to the frequency depsndence of the threshold of cavi-
tation,

Discussica

Mommmmibstuhenlwum
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in liquids lrradiited with ultvasordés it is cnly obsexved when

the saund intersilty and gas content is sufficisnt to bring alut
cgvitatien. In every case luminescencs is observed anly if cavi-
tation ie observed, 'ha eavitation threshold is the luminescenoce
threshaid, In the abtor-scarbon tstrachl aride~-hydrogen system sven
though cavitation sas observed there was no luminescence; in the
case of &1l the rganic liquids observed except nitro-benzens
cavitation was sbserved but no luminsscence. In these cases where
there was no bservable lwiinsscence there was also no observabile
chemical rec:tion. In premiouslyraporteds observations qualitative
gstimates £ the intensity of luwinescencc were carrelated with the
ragzed yleld of chemical reaction. These cbservations were made
using wirious dissdlved gases, e.g. argon, notrogen, cxygen, carbom
nonoxide, sulfur hexafluvoride and sems of the freoms. The quantita-
tivs measurements of luminsscence given in figure 6 were made on
systems \hich covered a reasonable range of chemical yiald., Thess
meaguremsuhs show a quantitative agbeement bstween the intensity of
luminssconce and the yield of chemical reaction., The imtensity of
luminescerwe, and yield of free chlorine, and the cbserved cavita-
tion were all greatest for We water-carbon tetrachloride-srgon
systen even though other experimeits to be repcrted elsewhere have
ghown that the argon slightly increases the threshold of cavitation,
Thus it would ssem that the luminescsnce, observed in water solutions,
always accompanied by cavitation, is actually chemiinminescence.

T
Gnd s




The luminescence obsarved in nitro-bepsens i of a completely
different oxder of mgnitude and thus it is d&abAMl if any chemical
reaction would be observaule even if it occwrred. It is entirely
possible that this luminescense could also be of chemical arigin
eithsr dus to traces of waler or othexr impurities in the nitrobenzene
< 10 a slight decanposition of the nitrcbenzens itself, Chambers
hss observed lurinescence in the range of 1-1C Kc in a number of
liquids. His results do not agree with curs in theMe range, e.g.,
he finds s tronger luminsscence for nitro-bengene than for water,
Wether our weak nitrobenzens luminescance is of ths same kind as
that observed by Chambers, and whether there ars in general differens
mechanizms in ths different frequency ranges cannot be decided at
resent.

Even though figure 9 would seem to indicate a frequency depencemce
for tha luminsscence end the cuemiscal yield figure 10 shows that the
threshold of cawitaticn is frequencyd ependent and if this dependence
is taken into account a)1 of the results fall nicely on a single curv:.
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